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Abstract
In this lectures, we give a review about the Minimal Supersymmetric Standard Model
(MSSM) and the General Singlet Extensions of the MSSM (GSEMSSM). We, first introduce
the minimal set of fields to built both models. Then we introduce their superfields and using
them we build the lagrangian of those models in the superspace formalism. We show how to get
the mass spectrum of those model in the R-parity scenarios and we also show how to get some
Feynman Rules with the Gauge Bosons. The second part of this review was presented at Dark
Mattter Workshop Early Universe Cosmology, Baryogenesis and Dark Matter held in Instituto
de F´ısica Teo´ria (IFT-Unesp) from 21 to 25 of October 2019.
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1 Introduction
Although the Standard Model (SM) describes the observed properties of charged leptons and quarks.
The success of the SM has been astonishing. Nevertheless, the SM is not considered as the ultimate
theory since neither the fundamental parameters, masses and couplings, nor the symmetry pattern
are predicted.
It is commonly agreed that the Higgs sector of the SM is unsatisfactory. One of this reason is
the hierarchy problem. When we define the Higgs potential, we need to define the squared mass
parameter µ2, this is a free parameter and it is not fixed by the theory. The Higgs potential is defined
as
V (H) = −µ2|H|2 + λ (|H|2)2 . (1)
In the SM there is only one physical neutral Higgs scalar in the spectrum, and its mass is given by
[2]
MH =
√
2µ. (2)
The SM is renormalizable, wchich means that finite results are obtained for all higher-order (loop)
corrections even if we extend the virtual momenta in the loop integral all the way to infinity. The
4-boson self interaction in Eq.(1) generate, at one loop order, the self-energy, wchich is proportional
to [2]
λ
∫ Λ
d4k
1
k2 −M2H
. (3)
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The coefficient µ is then replaced by the one loop-corrected ‘ ‘physical” value µ phys where
µ2phys = µ
2 − λΛ2, (4)
The parameter Λ is the energy scale wehere we expect to find the physics beyond the SM, in GUT
scenarios we expect Λ ∼ MP l ≈ 1019 GeV, the one loop correction is then vastly greater than
MW ≈ (100GeV)2 and it is known as hierachy problem. It means, the hierarchy problem [1] is to
understand why MH , given at Eq.(2), is much less then the Planck mass Scale MP l.
It is clearly prudent to explore the implication of more complicated Higgs Models, both in the
context of SM and in extended theories. Although the minimal Higgs satisfy [2]
ρ =
MW
MZ cos θW
≈ 1, (5)
so does any version of the SM with any number of the Higgs doublets, one example is the Two Higgs
Doublet Model (THM) [2, 3, 4, 5, 6, 7, 8, 9], (and singlets [10, 11]), for more details about this
interesting problem see [2, 12, 13]. But unfortunatelly the THM can not solve the hierachy problem,
for more details about this fact see [2].
One intersting class of models to be the physics beyond the SM is Supersymmetry, it is more
known as SUSY [14]. The hierachy can be solved in Supersymmetric Model, known as SUSY by
short [15, 16, 17]. The supersymmetry automatically cancels all quadratic corrections in all orders of
perturbation theory due to the contributions of superpartners of the ordinary particles.
The most intensively studied model is the Minimal Supersymmetric Standard Model (MSSM)
[20, 21, 22], which is the most economical realization of SUSY. Control of the radiative corrections so
that a small value of µ2 (and hence M2H and M
2
W ) becomes natural was a primary motivation of the
MSSM where we show the exact cancelation to the Higgs masses coming from fermion contribution. A
light Higgs sector (M2H ≪M2P l) is natural in a softly broken SUSY scenarios where the quadratically
divergent loop contribution cancel leaving a finite correction of the form
δM2H = O
(α
π
) (
M2B −M2F
)
, (6)
where MB,F are the masses of the bosonic and fermionic partner particles circulating in the loops.
When we consider scenarios with soft SUSY breakings terms we have the following constraints
M2B −M2F ≃ O(MW ) = M2SUSY , (7)
which should not be very large (≤ 1 TeV) to make the fine-tuning natural. Therefore, it provides a
solution to the hierarchy problem by protecting the eletroweak scale from large radiative corrections
[23, 24]. However, the origin of the hierarchy is the other part of the problem.
SUSY arose in theoretical papers more than 30 years ago independently and the originals works
were made by the following set of authors:
1-) Golfand and Likhtman [26];
2-) Volkov and Akulov [27];
3-) Wess and Zumino [28, 29].
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Some very nices reviews about the begining of SUSY can be found in the following references [30,
31, 32].
SUSY, is basically a symmetry between bosons (particles with integer spin) and fermions (particles
with half-integer spin) [15, 16, 17]. Since that time there appeared thousands of papers and the reason
for this remarkable is due the fact that there are a number of theoretical and phenomenological issues
that the SM fails to address adequately [33, 34, 35, 36, 37, 38, 39]:
• Unification with gravity; The point is that SUSY algebra being a generalization of Poincare´
algebra [16, 34, 35, 36]
{Qα, Q¯α˙} = 2σmα,α˙Pm. (8)
Therefore, when we make SUSY local, one obtains supergravity [41].
• Unification of Gauge Couplings; According to hypothesis of Grand Unification Theory (GUT)
all gauge couplings change with energy. In the MSSM the slopes of Renormalization Group
Equation (RGE) curves about the running of behaviour of gauge couplings can achieve perfect
unification [42].
• Hierarchy problem (discussed above);
• Electroweak symmetry breaking (EWSB); The “running” of the Higgs masses, using the RGE of
MSSM, leads to the phenomenon known as radiative electroweak symmetry breaking. Indeed,
the mass parameters from the Higgs potential m21 and m
2
2 (or one of them) decrease while
running from the GUT scale to the scale MZ may even change the sign. Thus the breaking of
the electroweak symmetry is not introduced by brute force as in the SM, but appears naturally
from the radiative corrections [43].
The main sucess of SUSY is to solve all the problems listed above. However, SUSY has also made
several correct predictions [33]:
• SUSY predicted in the early 1980s that the top quark would be heavy [44, 45], its experimental
value is given by mt = 172.25± 0.08(stat.)± 0.62(syst.) GeV [46];
• SUSY GUT theories with a high fundamental scale accurately predicted the present experi-
mental value of sin2 θW before it was mesured [47, 48, 49, 50];
• SUSY requires a light Higgs boson to exist [23, 24, 51, 52, 53, 54, 55], its experimental value is
MH = 125.09± 0.21 (stat.)± 0.11 (syst.) GeV [56].
Together these success provide powerful indirect evidence that low energy SUSY is indeed part
of correct description of nature. The MSSM [20, 21, 22, 34, 35, 36, 37, 38, 39]1 have, also viable
candidates to be the Dark Matter on this case it can be the lightest neutralino, lighest sneutrino2
and the gravitino, more details about SUSY Dark Matter Candidates is presented in nice way in [59].
However, the MSSM suffers from the µ-problem. The µ-parameter is the only dimensional pa-
rameter in the SUSY conserving sector and one would expect the µ to be either zero or at the Planck
scale. A simple solution is to promote µ to a dynamical field in extensions of the MSSM that contain
1About the history of MSSM, see e. g. [57, 58]
2Unfortunatelly this particle have been ruled out by the combination of collider experiment as LEP and direct
searches for cosmological relics as discussed at [85].
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an additional singlet superfield Sˆ which does not interact with the MSSM fields other than the two
Higgs doublets, it is a singlet. An effective µ can be reasonably got at Electro-Weak scale when Sˆ de-
notes the vacuum expectation value (VEV) of the singlet scalar field. Among these extension models
the Next-to-Minimal Supersymmetric Model (NMSSM) [20, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69].
If introduce a singlet superfield to the MSSM, the Higgs sector will have one more CP even
component and one more CP odd component, and the neutralino sector will have one more singlino
component. These singlet multiplets compose a “singlet sector” of the MSSM, the nearly Mini-
mal Supersymmetric Model (nMSM) [121, 122] and the General Singlet Extensions of the MSSM
(GSEMSSM). It can make the phenomenologies of SUSY dark matter and Higgs different from the
MSSM, and it can get some interesting cosmological consequences as discussed recently [10, 11].
As in our opinion, the MSSM and GSEMSSM are good candidates to be the extension of the SM
we will on this review present those models in some details inclunding some numerical analyses.
2 Superfields
The superfield formalism was formulated in independent way by
• A. Salam and J. Strathdee [70];
• S. Ferrara, J. Wess and B. Zumino [71].
The most general superfield is given by [16, 17, 34, 35, 36, 77]:
F(x, θ, θ¯) = f(x) + (θφ(x)) + (θ¯χ¯(x))+ (θθ)m(x) + (θ¯θ¯)n(x) + (θσmθ¯) vm(x)
+ (θθ)
(
θ¯λ¯(x)
)
+
(
θ¯θ¯
)
(θψ(x)) + (θθ)
(
θ¯θ¯
)
d(x), (9)
where
f(x), m(x), n(x), d(x), scalars,
φ(x), ψ(x), χ¯(x), λ¯(x), spinors,
vm(x), vector. (10)
The infinitesimal variation of the general superfield under supersymmetric transformation, are
given by:
δξF(x, θ, θ¯) = δξf(x) + (θδξφ(x)) +
(
θ¯δξχ¯(x)
)
+ (θθ) δξm(x) +
(
θ¯θ¯
)
δξn(x) +
(
θσmθ¯
)
δξvm(x)
+ (θθ)
(
θ¯δξλ¯(x)
)
+
(
θ¯θ¯
)
(θδξψ(x)) + (θθ)
(
θ¯θ¯
)
δξd(x)
≡ (ξQ+ ξ¯Q¯)F(x, θ, θ¯) .
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Using the Fierz identities, we then have that the component fields of F transform as follows:
δξf = ξφ+ ξ¯χ¯ ,
δξφα = 2ξαm+ σ
m
αβ˙
ξ¯β˙ [ı (∂mf) + vm] ,
δξχ¯
α˙ = 2ξ¯α˙n+ ξβσmβγ˙ǫ
γ˙α˙ [ı (∂mf)− vm] ,
δξm = ξ¯λ¯− ı
2
[
(∂mφ)σ
mξ¯
]
,
δξn = ξψ +
ı
2
[ξσm (∂mχ¯)] , (11)
δξvm =
(
ξσmλ¯
)
+
(
ψσmξ¯
)
+
ı
2
[ξ (∂mφ)]− ı
2
[
(∂mχ¯) ξ¯
]
,
δξλ¯
α˙ = 2ξ¯α˙d+
ı
2
ξ¯α˙ (∂mvm) + ı(ξσ
mǫ)α˙ (∂mm) ,
δξψα = 2ξαd− ı
2
ξα (∂
mvm) + ı(σ
mξ¯)α (∂mn) ,
δξd =
ı
2
∂m
[(
ψσmξ¯
)
+
(
ξσmλ¯
)]
.
Note the important fact that the complex scalar component field d(x) transforms by a total derivative.
The covariant derivative and it is given by[16, 17]
Dα =
∂
∂θα
+ iσmαα˙θ¯
α˙ ∂
∂xm
D¯α˙ = − ∂
∂θ¯α˙
− iθασmαα˙
∂
∂xm
. (12)
and α = 1, 2 is a spinorial index.
We know that the chiral superfield3, denoted as (Φ), and the anti-chiral, given by (Φ¯), has the
following expansion4[16, 17]
Φ(y, θ) = A(y) +
√
2 (θψ(y)) + (θθ)F (y), (θψ) ≡ θαψα, α = 1, 2,
Φ¯(y¯, θ¯) = A†(y¯) +
√
2
(
θ¯ψ¯(y¯)
)
+
(
θ¯θ¯
)
F †(y¯),
(
θ¯ψ¯
) ≡ θ¯α˙ψ¯α˙, α˙ = 1, 2, (13)
respectivelly and A is a scalar field, ψ is a Weyl-van der Waerden fermions field [16, 17, 73, 19] and
F is an scalar necessary to close the SUSY algebra [16, 17]. The new coordinate y is defined as
ym = xm + ı
(
θσmθ¯
)
, (14)
and y¯ is the conjugate complex of y defined above.
The superpotential W is defined in general in the following way
W ≡ λiΦi + µijΦiΦj + fijkΦiΦjΦk, (15)
3This superfield satisfy D¯α˙Φ = 0, where Dα is defined at Eq.(12) and it is similar to Dirac equation to chiral
fermion.
4We want to emphasize that a chiral superfield Φ is called as “left” chiral superfield because it cointains a left-
handed fermion while the anti-chiral Φ¯ ≡ Φ† is “right” chiral superfield due the fact it has a right-handed fermion
[34, 35, 36].
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in terms of the fields components, see Eq.(13), can be written as [16, 17]
Φi(y, θ)Φj(y, θ) = Ai(y)Aj(y) +
√
2θ [ψi(y)Aj(y) + Ai(y)ψj(y)]
+ θθ [Ai(y)Fj(y) + Fi(y)Aj(y)− ψi(y)ψj(y)]
Φi(y, θ)Φj(y, θ)Φk(y, θ) = Ai(y)Aj(y)Ak(y)
+
√
2θ [ψi(y)Aj(y)Ak(y) + Ai(y)ψj(y)Ak(y) + Ai(y)Aj(y)ψk(y)]
+ θθ [Fi(y)Aj(y)Ak(y) + Ai(y)Fj(y)Ak(y) + Ai(y)Aj(y)Fk(y)
− ψi(y)ψj(y)Ak(y)−Ai(y)ψj(y)ψk(y)− ψi(y)Aj(y)ψk(y)] .
(16)
The degrees of freedom are grouped in gauge superfields for gauge bosons and their supersym-
metric partner, the gauginos, are put in a vector superfield 5 in the Wess-Zumino gauge is written as
[16, 17]
VWZ(x, θ, θ¯) = −
(
θσmθ¯
)
vm(x) + ı (θθ)
(
θ¯λ¯(x)
)− ı (θ¯θ¯) (θλ(x)) + 1
2
(θθ)
(
θ¯θ¯
)
D(x). (17)
vm is a gauge boson, λ is their superpartner known as gauginos
6, and D again is a scalar necessary
to close SUSY algebra [16, 17].
The Ka¨hler potential is defined as
K(Φ¯,Φ) ≡ Φ¯Φ. (18)
It is defined in terms of the fields components as [16, 17, 34, 35, 36]∫
d4θK
(
ˆ¯ΦegT
aVˆ a , Φˆ
)
≡
∫
d4θ
(
ˆ¯ΦegT
aVˆ aΦˆ
)
= − (DmA)† (DmA)− ı
(
ψ¯σ¯mDmψ
)
+ F †F + ı
√
2g
[(
A†T aλa
)
ψ − ψ (λ¯aT¯ aA)]+ g (A†T aA)Da,
Dmψ = ∂mψ + ıg (T avam)ψ,
1
4
(∫
d2θ W αaW aα +
∫
d2θ¯W¯ aα˙W¯
α˙a
)
= −1
4
F amnF
mna − ı (λaσmDmλ¯a)+ 1
2
(Da)2 ,
F amn = ∂mv
a
n − ∂nvam − gfabcvbmvcn,
Dmλ¯
α˙a = ∂mλ¯
α˙a − gfabcvbmλ¯α˙c, (19)
where fabc are the totally antisymmetric struture constant of some gauge group.
3 R Symmetry
The R-symmetry was introduced in 1975 by A. Salam and J. Strathdee [25] and in an independent
way by P. Fayet [20] to avoid the interactions that violate either lepton number or baryon number.
5It is also known as Real Superfield due the fact that this superfield satisfy the following constraint V (x, θ, θ¯) =
V †(x, θ, θ¯) [16, 17].
6They satisfy the constraint λ ≡ λ¯ and therefore they are Majorana fermions [78], in the SM all the fermions are
Dirac ones [79].
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R-symmetry is better understood with the superspace formalism. It is a continuous U(1) sym-
metry acting on the supersymmetry generator, parametrized by α. The corresponding operator will
be denoted as R. R-symmetry acts on the superspace coordinate θ, θ¯ as follows [16]
Rθ = e−iαθ,
Rθ¯ = eiαθ¯. (20)
θ has R-charge R(θ) = −1, while θ¯ has R(θ¯) = 1.
The operator R acts on left-handed chiral superfields Φ(x, θ, θ¯) and (right-handed) anti-chiral
ones Φ¯(x, θ, θ¯) in the following way [16]
RΦ(x, θ, θ¯) = einΦαΦ(x, e−iαθ, eiαθ¯), (21)
RΦ¯(x, θ, θ¯) = e−inΦαΦ¯(x, e−iαθ, eiαθ¯), (22)
where nΦ is the R-charge of the chiral superfield. We get the transformations for the field components:
A(x)
R7−→ einΦαA(x)
ψ(x)
R7−→ ei(nΦ−1)αψ(x)
F (x)
R7−→ ei(nΦ−1)αF (x)

 . (23)
The products of chiral superfields7,
R
∏
a
Φa(x, θ, θ¯) = e
i
∑
a naα
∏
a
Φa(x, e
−iαθ, eiαθ¯). (24)
is invariant under R symmetry only if ∑
a
na = 0. (25)
The R symmetry acts on vectorial (gauge) superfields, and by definition this superfield is invariant
by this transformation, it means
RV (x, θ, θ¯) = V (x, e−iαθ, eiαθ¯), (26)
the field components in the vector superfield transform as
Am(x)
R7−→ Am(x)
λ(x)
R7−→ eiαλ(x)
λ¯(x)
R7−→ e−iαλ¯(x)
D(x)
R7−→ D(x)


. (27)
The R symmetry as defined above can avoid the proton decay in the Minimal Supersymmetric
Standard Model. The we can ask, Why we need to introduce R parity? The main reason to do it
7The superpotential
7
is the following: an unbroken continuous R symmetry acting chirally on gauginos, and gluinos in
particular, would maintain the gauginos massless, because the gaugino’s mass term is given by [94]
mλ
(
λλ+ λ¯λ¯
)
, (28)
which, under the R-symmetry, see Eq.(27), transforms into
mλ
(
e2iαλλ+ e−2iαλ¯λ¯
)
, (29)
so that the mass term, given at Eq.(28), is not invariant under R symmetry.
This forces us to abandon the continuous R-symmetry, in favour of its discrete version called
R parity, we will discuss it at Sec.(4.1). This one allows for gluinos and other gauginos to acquire
masses. Moving from R symmetry to R parity is in any case necessary within supergravity, so that
the spin-3
2
(Majorana) gravitino can acquire a mass m3/2, which does also violate the continuous R
symmetry [22].
4 Review of the MSSM.
The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric extension of the SM
that contains a minimal number of states and interactions [34, 35, 36, 37, 38, 39, 40]. The model
has the gauge symmetry SU(3)C ⊗ SU(2)L ⊗ U(1)Y extended by the supersymmetry to include the
supersymmetric partners of the SM fields which have spins that differ by +1/2 as required by the
supersymmetric algebra. Since the SM fermions are left-handed and right-handed and they transform
differently under SU(3)C , SU(2)L and U(1)Y groups. The leptons and the Higgs must belong to chiral
or anti-chiral supermultiplets.
The chiral supermultiplet [34, 35, 36] contains three families of left-handed quarks QiL, three
families of leptons LiL plus the Higgs fields H1 [34, 35, 36] and the particle content of each chiral
superfield, given above, is presented in the Tab.(1). The anti-chiral supermultiplet [34, 35, 36] contains
three families of right-handed quarks, given by (uiR, diR)
8, three families of right-handed leptons
(liR) and another Higgs fields H2 [34, 35, 36] and the particle content of each anti-chiral superfield is
presented in the Tab.(2).
Chiral Superfield Fermion Scalar
LˆiL = (νˆi, lˆi)
T
L ∼ (1, 2,−1) LiL = (νi, li)TL ∼ (1, 2,−1) L˜iL = (ν˜i, l˜i)TL ∼ (1, 2,−1)
QˆiL = (uˆi, dˆi)
T
L ∼ (3, 2, 1/3) QiL = (ui, di)TL ∼ (3, 2, 1/3) Q˜iL = (u˜i, d˜i)TL ∼ (3, 2, 1/3)
Hˆ1 = (hˆ
0
1, hˆ
−
1 )
T ∼ (1, 2,−1) H˜1 = (h˜01, h˜−1 )T ∼ (1, 2,−1) H1 = (h01, h−1 )T ∼ (1, 2,−1)
Table 1: Particle content in the left-chiral superfields in MSSM, the numbers in parenthesis refers to the
(SU(3)C , SU(2)L, U(1)Y ) quantum numbers, respectively and i = 1, 2, 3 refers to the generation index (or
flavor indices) and we neglected the color indices.
There are at least three reasons for introduce Hˆ2, they the following [34]
• Cancel chiral anomaly;
• Give masses to all quarks in the model.
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Anti-Chiral Superfield Fermion Scalar
lˆciL ∼ (1, 1, 2) lciL ≡ l¯iR ∼ (1, 1, 2) l˜ciL ∼ (1, 1, 2)
uˆciL ∼ (3¯, 1,−4/3) uciL ≡ u¯iR ∼ (3¯, 1,−4/3) u˜ciL ∼ (3¯, 1,−4/3)
dˆciL ∼ (3¯, 1, 2/3)) dciL ≡ d¯iR ∼ (3¯, 1, 2/3)) d˜ciL ∼ (3¯, 1, 2/3))
Hˆ2 = (hˆ
+
2 , hˆ
0
2)
T ∼ (1, 2¯, 1) H˜2 = (h˜+2 , h˜02)T ∼ (1, 2¯, 1) H2 = (h+2 , h02)T ∼ (1, 2¯, 1)
Table 2: Particle content in the right-anti-chiral superfields in MSSM, the quantum number is the same
meaning as presented at Tab.(1).
In the MSSM we need to introduce the following three vector superfields Vˆ aC ∼ (8, 1, 0) 9, where
a = 1, 2, . . . , 8, Vˆ i ∼ (1, 3, 0), with i = 1, 2, 3, and Vˆ ′ ∼ (1, 1, 0). The particle content in each vector
superfield is presented in the Tab.(3).
Vector Superfield Gauge Bosons Gaugino Gauge constant
Vˆ aC ∼ (8, 1, 0) gam ∼ (8, 1, 0) λaC ∼ (8, 1, 0) gs
Vˆ i ∼ (1, 3, 0) V im ∼ (1, 3, 0) λi ∼ (1, 3, 0) g
Vˆ ′ ∼ (1, 1, 0) V ′m ∼ (1, 1, 0) λ ∼ (1, 1, 0) g′
Table 3: Particle content in the vector superfields in MSSM.
The supersymetric Lagrangian of the MSSM is given by
LSUSY = LchiralSUSY + LGaugeSUSY . (30)
The Lagrangian defined in the equation (143) contains contributions from all sectors of the model
LchiralSUSY = Lleptons + Lquarks + LHiggs + Lsup, (31)
and thoae terms have the following explicit form
Llepton =
∫
d4θ
3∑
i=1
[
K
(
ˆ¯Lie
2gVˆ+g′(− 12)Vˆ ′ , Lˆi
)
+K
(
ˆ¯lcie
g′Vˆ ′ , lˆci
) ]
,
Lquarks =
∫
d4θ
3∑
i=1
[
K
(
ˆ¯Qie
2gsVˆc+2gVˆ+g′( 16)Vˆ
′
, Qˆi
)
+K
(
ˆ¯ucie
2gsVˆc+g′(− 22)Vˆ ′ , uˆci
)
+ K
(
ˆ¯dcie
2gsVˆc+g′( 13)Vˆ
′
, dˆci
)]
,
LHiggs =
∫
d4θ
[
K
(
ˆ¯H1e
2gVˆ+g′(− 12)Vˆ ′, Hˆ1
)
+K
(
ˆ¯H2e
2gVˆ +g′( 12)Vˆ ′, Hˆ2
)]
,
Lsup =
∫
d2θ W +
∫
d2θ¯ W¯ .
(32)
8Remember that in the field theory is hold the followings relations uiR = (u¯iL)
c and dR = (d¯iL)
cand at this point
they are, still Weyl-van der Waerden fermions [16, 17, 73].
9The gluinos are the superpartner of gluons, and therefore they are in the adjoint representation of SU(3), wchich
is real.
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here, Vˆc ≡ T aVˆ ac and T a = λa/2 (with a = 1, · · · , 8) are the generators of SU(3)C and Vˆ = T iVˆ i
where T i ≡ σi/2 (with i = 1, 2, 3) are the generators of SU(2)L. As usual, gs, g and g′ are the gauge
couplings for the SU(3), SU(2) and U(1) groups, respectively, as shown in the Table 3.
The superpotential10 that conserve R-parity is given by [34, 35, 36, 80, 81]
WMSSM = W
MSSM
2RC +W
MSSM
3RC , (33)
WMSSM2RC = µ
(
Hˆ1Hˆ2
)
, (34)
WMSSM3RC =
3∑
i,j=1
[
f lij
(
Hˆ1Lˆi
)
lˆcj + f
d
ij
(
Hˆ1Qˆi
)
dˆcj + f
u
ij
(
Hˆ2Qˆi
)
uˆcj
]
, (35)
where
(
Hˆ1Hˆ2
)
≡ ǫαβHˆα1 Hˆβ2 .
The free parameter µ is a complex number. In general the parameters f 11 are complex numbers;
they are symmetric in ij exchange; they are dimensionless [34, 35, 36]. It is one of the necessary
conditions in order to implement CP violatiog in this model. Moreover, f d and fu account for
the mixing between the quark current eigenstates as described by the Cabibbo-Kobayashi-Maskawa
(CKM) matrix and we also can explain the mass hierarchy in the charged fermion masses as showed
in [82, 83]. The color indices on the triplet (antitriplet) superfield Qˆ (uˆc, dˆc) contract trivially, and
have been suppressed.
The terms that break R-parity are given by [34, 35, 36, 80, 81]
W2RV =
3∑
i=1
µ0i
(
LˆiHˆ2
)
,
W3RV =
3∑
i,j,k=1
[
λijk
(
LˆiLˆj
)
lˆck + λ
′
ijk
(
LˆiQˆj
)
dˆck + λ
′′
ijkuˆ
c
i dˆ
c
jdˆ
c
k
]
. (36)
The mass matrix of neutrinos arise when we allow a mixing between the usual leptons with the
higgsinos and its mixings is generated by(
LˆiHˆ2
)
⊂
(
LiH˜2
)
= lih˜
+
2 − νih˜02, (37)
it is the mechanism to generate masses to two neutrinos at tree level and one neutrino get mass at
one loop level as discuss at [86, 87, 88, 89, 90, 91, 92, 93].
4.1 R Parity
The discrete R-Parity, denoted by Rd, which is able to solve the above problem can be obtained by
putting α = π at Eq.(20). It means that
Rdθ
Rd7−→ −θ,
Rdθ¯
Rd7−→ −θ¯. (38)
10To get renormalizable interactions the superpotential has [W ] ≤ 3 it is because Φ1Φ2Φ3Φ4 ∝ A1A2A3A4 and they
are no renormalizable at two loops [34, 35, 36].
11This parameter is call Yukawa term
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Taking this value into account on Eqs.(20, 21), 22) and Eq. (26) we get the following transformations
RdΦ(x, θ, θ¯)
Rd7−→ e2inΦπΦ(x,−θ,−θ¯),
RdΦ¯(x, θ, θ¯)
Rd7−→ e−2inΦπΦ¯(x,−θ,−θ¯),
RdV (x, θ, θ¯)
Rd7−→ V (x,−θ,−θ¯). (39)
It is worth emphasizing that, under this (discrete) transformation law, the terms θθ and θθθ¯θ¯ are
invariants which is very helpful in further analysis.
Now, under the discrete symmetry, the components of the superfields transform as:
A(x)
Rd7−→ e2inΦπA(x)
ψ(x)
Rd7−→ e2i(nΦ− 12)πψ(x)
F (x)
Rd7−→ e2i(nΦ−1)πF (x)

 , (40)
Am(x)
Rd7−→ Am(x)
λ(x)
Rd7−→ −λ(x)
λ¯(x)
Rd7−→ −λ¯(x)
D(x)
Rd7−→ D(x)


. (41)
From (41), we see that (28) is invariant under this discrete symmetry if∑
a
na = 0, 2. (42)
We defined at Tab.(4) the R-charges of the superfields in the MSSM. Taking this values we can
Superfield R-charge (B − L)-charge
Lˆi = (νˆi, lˆi)
T nL = +
(
1
2
) − (1)
Qˆi = (uˆi, dˆi)
T nQ = +
(
1
2
) (
1
3
)
Hˆ1 = (hˆ
0
1, hˆ
−
1 )
T nH1 = 0 0
Hˆ2 = (hˆ
+
2 , hˆ
0
2)
T nH2 = 0 0
lˆci nlc = −
(
1
2
)
+ (1)
uˆci nuc = −
(
1
2
) − (1
3
)
dˆci ndc = −
(
1
2
) − (1
3
)
Table 4: R-charge and (B − L)-charge assignment to all superfields in the MSSM.
show
H1,2(x)
Rd7−→ H1,2(x),
H˜1,2(x)
Rd7−→ −H˜1,2(x),
f˜(x)
Rd7−→ −f˜(x),
Ψ(x)
Rd7−→ Ψ(x).
(43)
Here f˜ is a sfermion while Ψ is a fermion.
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The second terms of the Lagrangian defined by the Eq.(143) is given by the following equation
LGaugeSUSY =
1
4
{∫
d2θ
[
8∑
a=1
W aαs W
a
sα +
3∑
i=1
W iαW iα +W
′αW ′α
]}
+ hc .
The gauge superfields have the following explicit form[16, 17]
W asα = −
1
8gs
(
D¯D¯
)
e−2gsVˆ
a
c Dαe
2gsVˆ ac ,
W iα = −
1
8g
(
D¯D¯
)
e−2gVˆ
i
Dαe
2gVˆ i ,
W ′α = −
1
4
(
D¯D¯
)
DαVˆ
′ , (44)
where Dα is defined at Eq.(12).
5 Soft SUSY breaking Terms
The experimental evidence suggests that the supersymmetry is not an exact symmetry. Therefore,
supersymmetry breaking terms should be added to the Lagrangian defined by the Eq.(31). The
most general soft supersymmetry breaking terms, which do not induce quadratic divergence, where
described by Girardello and Grisaru [94]. They found that the allowed terms can be categorized as
follows: a scalar field A with mass terms
LSMT = −A†im2ijAj , (45)
a fermion field gaugino λ with mass terms
LGMT = −1
2
(Mλλ
aλa + hc) (46)
and finally trilinear scalar interaction terms
LINT = BijµijAiAj + AijkfijkAiAjAk + hc . (47)
The terms in this case are similar with the terms allowed in the superpotential of the model we are
going to consider next.
Taken all this information into account, we can add the following soft supersymmetry breaking
terms to the MSSM
LMSSMSoft = LMSSMSMT + LMSSMGMT + LMSSMINT , (48)
where the scalar mass term LSMT is given by the following relation
LMSSMSMT = −
3∑
i,j=1
[ (
M2L
)
ij
L˜†i L˜j +
(
M2l
)
ij
l˜c
†
i l˜
c
j +
(
M2Q
)
ij
Q˜†i Q˜j
+
(
M2u
)
ij
u˜c
†
i u˜
c
j +
(
M2d
)
ij
d˜c
†
i d˜
c
j +M
2
1H
†
1H1 +M
2
2H
†
2H2
]
, (49)
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The 3 × 3 matrices M2L,M2l ,M2Q,M2u and M2d are hermitian and M21 and M22 are real. The gaugino
mass term is written as
LMSSMGMT = −
1
2
[(
M3
8∑
a=1
λaCλ
a
C +M
3∑
i=1
λiλi +M ′ λλ
)
+ hc
]
. (50)
Here, M3,M and M
′ are complex. Finally, there is an interaction term LINT , see the equation (36),
of the form
LMSSMINT = −M212 (H1H2) +
3∑
i,j,k=1
[
AEijf
l
ij
(
H1L˜i
)
l˜cj + A
D
ijf
d
ij
(
H1Q˜i
)
d˜cj + A
U
ijf
u
ij
(
H2Q˜i
)
u˜cj
]
+ hc .(51)
The parameter M12, sometimes is written as Bµ [34], is in general complex. The 3 × 3 matrices A
are complex.
The total Lagrangian of the MSSM is obtained by adding all Lagrangians above
LMSSM = LSUSY + LMSSMsoft , (52)
see the Eq.(31,48).
5.1 Simple Way to Broke Supersymmetry
One of the most intrigatin problem is Supersymmetric theory is the way we broke Supersymmetry.
However, we can parameterize all these term, via the spurion field 12[34, 35, 95]. On this case we add
to our model a constant chiral superfield of the form13
Zˆ = m2Sθθ, (53)
where mS is the supersymmetry breaking scale and to a scalar field ϕ we have [16]
m2M
[∫
d4θ
(
Zˆ†Zˆ
)]
Cϕϕ†ϕ, (54)
where the parameter mM is the messenger scale. We can generate the gaugino masses as
m−1M C
λ
[∫
d2θZˆ (WW )
]
+ hc (55)
where
WW ≡ Tr (W aαW aα) , (56)
is the supersymmetric stregth field defined at Eq.(44). The last term is generated in the following
way
m−1M C
′ϕ
[∫
d2θZˆ (W(ϕ))
]
+ hc (57)
where W (ϕ) is the superpotential of the model.
12Spurion is a fictious auxiliar field that can be used to parameterize any Symmetry breaking and to determine all
the operators invariant under this Symmetry. It has only a non-vanishing F -component (equal to the Supersymmetry
breaking parameter), is not a dynamical superfield.
13Some works they use the generic expanion Zˆ = Z+(θθZF +hc)+θθθ¯θ¯ZD, where Z,ZF and ZD are scalars fields.
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6 Parameter Space of the MSSM
It is well known that SM has 19 free parameters. The MSSM contains 124 free parameters and the
symmetry breaking parameters are completely arbitrary [34, 35, 36]. The main goal in the SUSY
phenomenology is to find some approximation about the way we can break SUSY in order to have a
drastic reduction in the number of these parameters14.
Many phenomenological analyses adopt the universality hypothesis at the scale Q ≃ MGUT ≃
2× 1016 GeV:
gs = g = g
′ ≡ gGUT ,
M3 = M = M
′ ≡ m1/2,
M2L = M
2
l = M
2
Q =M
2
u = M
2
d =M
2
1 = M
2
2 ≡ m20,
AE = AD = AU ≡ A0. (58)
The assumptions that the MSSM is valid between the weak scale and GUT scale, and that the
”boundary conditions”, defined by the Eq.(58) hold, are often referred to as mSUGRA, or minimal
supergravity model. The mSUGRA model is completely specified by the parameter set [34, 35, 36]
m0, m1/2, A0, tanβ, sign(µ). (59)
The new free parameter β is defined in the following way
tan β ≡ v2
v1
, (60)
where v2 is the vev of H2 while v1 is the vev of the H1. Due the fact that v1 and v2 are both positive,
it imples that
0 ≤ β ≤ (π/2) rad. (61)
Before we present the discussion about the mass spectrum on this model, we want to say once known
some masses is possible to get the parameters in the Lagrangian, see for example [96]. Now we are
ready to present the mass spectrum of this model.
7 Masses of all the particles of this model
We already introduced all the particles of this model. Until now, they are symmetries eigenstates. It
means they are not the physical ones we can observe in collider experiments and we will consider the
R-Parity conservation. Then we need to get the mass eigenstates, we will perform it on this section,
they represent the real particle we can measure at laboratories.
7.1 gluinos
The gluinos g˜ are the fermionic partner of the gluons15 and its defined as
g˜a =
( −ıλaC
ıλaC
)
, a = 1, . . . , 8, (62)
14Different assumptions result in different version of the Constrained Minimal Supersymmetric Model (CMSSM).
15They are Majorana Fermions [78], and see the comments below Eq.(17).
14
is the Majorana four-spinor defining the physical gluinos states. Therefore they are the only color
octet fermion and therefore they carry color charge as we discuss at [99].
Since the SU(3)C symmetry is not broken, the gluino cannot mix with any other fermion, and
must be a mass eigenstate. Its mass term then arises just from the soft supersymmetry breaking,
given at Eq.(50), so that its mass at tree level is simply
Mg˜ = |M3|eıφg˜ . (63)
The real parameter M3 can be both positive or negative. Due this fact, we can define the gluino field,
in the following way
g˜ → (−ıγ5)θ g˜, (64)
where θ is defined as
θ =
{
0, forM3 > 0,
1, forM3 < 0,
(65)
and the chiral Dirac matrix γ5 is presented at Eq.(133), when we will derive some Feynman Rules
of this model at Sec.(8). The Feynman rules to the gluinos are presented at [34, 35, 36] and you can
found the coupling of gluinos was explicity derived besides the differential cross section and the total
cross section to gluinos production is presented at [97].
The gluinos are expected to be one of the most massive sparticles which constitute the MSSM
and therefore their production is only feasible at a very energetic machine such as the Large Hadron
Collider (LHC). The gluino production in nuclear collisions was presented at [35, 74, 76, 98, 99, 100,
101].Therefore one of the sources of CP violation in the MSSM arises from the gluinos sector. Some
phenomenological studies about this case see [102].
7.2 Fermion Masses
The fermion mass comes from the following terms, see the last line at Eq.(16), of the superpotential
defined at Eq.(36):
W = − (f lijLiH1lcj + ydijQiH1dcj + yuijQiH2ucj + hc) , (66)
where f lij , f
d
ij and f
u
ij are the yukawa couplings of Higgs with leptons families, “down” sector quarks
and “up” sector quarks respectively.
The fact that mu, md, ms and me are many orders of magnitude smaller than the masses of others
fermions may well be indicative of a radiative mechanism at work for these masses as considered at
[86, 103]. We can explain the mass hierarchy in the charged fermion masses as showed in [82, 83].
We will review this topic below
The key feature of this kind of mechanism is to allow only the quarks c, b, t, and the leptons µ
and τ have Yukawa couplings to the Higgs bosons. It means to prevent u, d, s and e from picking up
tree-level masses.
Following we calculated the masses of the u, d quarks and the electron, and theis expression are
15
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Figure 1: The diagram which gives mass to quark s, λaC is the gluino while s˜i and b˜i, i = 1, 2, are the
squarks s-squark and sbottom, respectively.
given by:
mu ∝ αs sin(2θu˜)
π
mg˜
[
M2u˜1
M2u˜1 −m2g˜
ln
(
M2u˜1
m2g˜
)
− M
2
u˜2
M2u˜2 −m2g˜
ln
(
M2u˜2
m2g˜
)]
,
md ∝ αs sin(2θd˜)
π
mg˜
[
M2
d˜1
M2
d˜1
−m2g˜
ln
(
M2
d˜1
m2g˜
)
−
M2
d˜2
M2
d˜2
−m2g˜
ln
(
M2
d˜2
m2g˜
)]
,
me ∝
αU(1) sin(2θe˜)
π
m′
[
M2e˜1
M2e˜1 −m′2
ln
(
M2e˜1
m′2
)
− M
2
e˜2
M2e˜2 −m′2
ln
(
M2e˜2
m′2
)]
. (67)
The expression for the mass of s quark has a more complicated integral to be solved, see Fig.(1),
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turns into the following [83]:
Ms =
g2smg˜
16π4
2∑
α=1
{
R
(d)
1αR
(d)
2α
m2g˜
(m2g˜ −m2d˜α)
ln
(
m2g˜
m2
d˜α
)
+R
(d)
1α+2R
(d)
2α+2
m2g˜
(m2g˜ −m2d˜α+2)
ln
(
m2g˜
m2
d˜α+2
)
+
R
(d)
1αR
(d)
2α+2
(m2
d˜α
−m2
d˜α+2
)(m2g˜ −m2d˜α)(m
2
d˜α+2
−m2g˜)
(
δdαα+2
)
LR
M2SUSY
[
m2
d˜α
m2
d˜α+2
ln
(
m2
d˜α
m2
d˜α+2
)
+ m2
d˜α
m2g˜ ln
(
m2g˜
m2
d˜α
)
+m2
d˜α+2
m2g˜ ln
(
m2
d˜α+2
m2g˜
)]}
. (68)
7.3 Bosons Masses
On the other hand, LHiggs give mass to the gauge bosons, throught the following expression:
(DmH1)† (DmH1) + (DmH2)† (DmH2) , (69)
where Dm is covariant derivates of the SM given by:
DmH1 ≡ ∂mH1 + ıg
(
σi
2
W im
)
H1 + ıg
′
(
YH1
2
b′m
)
H1,
DmH2 ≡ ∂mH2 + ıg
(
σi
2
W im
)
H2 + ıg
′
(
YH2
2
b′m
)
H2. (70)
From the Eq.(69) beyond the masses of the Gauge bosons we also get the interactions between the
usual scalars with the Gauge boson to see the Feynman Rules on this case see [34, 35, 36].
After some simple calculatio, we get the following expression to the masses of the charged ones
W±m =
1√
2
(
V 1m ∓ ıV 2m
)
(71)
get the following mass
M2W =
g2
4
(v21 + v
2
2) =
g2v21
4
(1 + tan2 β) =
g2v21
4 cos2 β
=
g2v21
4
sec2 β , (72)
where tanβ is defined at Eq.(60). Due the fact that both v1 and v2 are real positive number with
this in mind we can justify Eq.(61).
In the MSSM, the masses of the charged boson has two free parameters: v1, as in the SM, plus the
new parameter β. In this model we recover the results given at SM when we fix β = 0 rad and the W
mass considerating several values of β parameter is showing at Fig.(12), the black line represent the
experimental values of MW = (80.399± 0.023) GeV . On this figure we also show the behaviour of
W mass in terms of β parameter and we see when v1 > 180 GeV, we can consider any β parameter
to explain the W mass.
The next plot is given at Fig.(13), where we show the W mass in function of β parameter when
we take several values to v1 parameter. When we taken into account all the figures, we conclude that
for the case of v1 ≥ 174GeV we can fix the W mass in concordance with the experimental data.
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Figure 2: The masses of W to several values of the β parameter in therms of the vev of H1, the black
line means the experimental values of MW .
The neutral massive gauge boson (Z0) get the following mass
M2Z =
(
g2 + g′2
4
)
(v21 + v
2
2) =
g2
4 cos2 θW
(v21 + v
2
2) =
M2W
cos2 θW
, (73)
where θW is the Weinberg angle and it is defined as
e = g sin θW = g
′ cos θW , (74)
and get a massless foton Am. The experimental values are
MZ = (91.1888± 0.0044) GeV,
sin2 θW = 1− M
2
W
M2Z
= 0.2320± 0.0004, (75)
The rotation in this case is(
Am
Zm
)
=
(
sin θW cos θW
cos θW − sin θW
)(
V 3m
Vm
)
, (76)
it is the exact expression we get in the SM. Therefore the neutral boson gauge sector is exact the
same as in the SM.
7.3.1 Photino is not a mass eigenstate
Before we present the neutralinos, we want to discuss first, that we learnt the photon and Z0 gauge
boson diagonalize the neutral boson sector of the SM, throught the rotation defined at Eq.(76). As we
are dealing with supersymmetry, we can ask, are the photino (γ˜) and the zino (Z˜0), the superpartnes
of photons and Z0 gauge boson respectivelly, are masses eigenstates? The answer to this question is
no and we will show this results below, this material is a review of the results presented at [37].
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Figure 3: The masses of W in terms of β parameter considerating several values of v1, again the
black line is the experimental value of MW .
In order to show it let us first define their four-component spinors to the photino (γ˜) and the zino
(Z˜) 16 are
γ˜ =
( −ıλγ(x)
ıλ¯γ(x)
)
, Z˜ =
( −ıλZ
ıλ¯Z
)
. (77)
By another we can define the winos (W˜ ) in the following way
W˜ (x) =
( −ıλ+(x)
ıλ¯−(x)
)
, (78)
Where λ± is defined at Eq.(105), while λγ and λZ can be defined as function of λ3 and λ in the
following way:
λγ = cos θWλ
3 − sin θWλ,
λZ = sin θWλ
3 + cos θWλ. (79)
θW is the Weinberg angle defined at Eq.(74).
The best way to see this result is taking into account Eq.(50) we can write [37]
− 1
2
M
(
λ1λ1 + λ2λ2 + λ3λ3 + λ¯1λ¯1 + λ¯2λ¯2 + λ¯3λ¯3
)− 1
2
M ′
(
λλ+ λ¯λ¯
)
= −M (λ−λ+ + λ¯−λ¯+)− 1
2
(
M sin2 θw +M
′ cos2 θW
) (
λγλγ + λ¯γλ¯γ
)
− 1
2
(
M cos2 θW +M
′ sin2 θW
) (
λZλZ + λ¯Zλ¯Z
)− (M −M ′) sin(2θW ) (λγλZ + λ¯γλ¯Z)
= −
{
MW˜
¯˜WW˜ +
1
2
[
Mγ˜ ¯˜γγ˜ + MZ˜
¯˜ZZ˜ + (MZ˜ −Mγ˜) tan(2θW )¯˜γZ˜
]}
, (80)
16They are Majorana Fermions [78], and see the comments below Eq.(17).
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where
MW˜ ≡ M,
Mγ˜ = M sin
2 θW +M
′ cos2 θW ,
MZ˜ = M cos
2 θW +M
′ sin2 θW . (81)
Therefore a priori the winos are mass eigenstate however the photinos and zino mixing to each other
and their mass eigenstates are the neutralinos, see Sec.(7.8). The unification condition give us the
following result [34, 35, 36, 37, 104, 105, 106]
M ′
M
=
5
3
tan2 θW . (82)
7.4 Higgs Masses
The scalar potential in the MSSM is given by:
V HMSSM = (µ
2
H +M
2
H1)|H1|2 +
1
8
(
g2 + g2Y ′
)
(|H1|2)2 + (µ2H +M2H2)|H2|2 +
1
8
(
g2 + g2Y ′
)
(|H2|2)2
− 1
4
(
g2 + g2Y ′
) |H1|2|H2|2 + g2
2
|H¯1H2|2 − (M212ǫabHa1Hb2 +H.c.).
(83)
The 8× 8 Higgs mass squared matrix breaks up diagonally into three set of 2× 2 matrix. After the
diagonalization procedure we finish with five physical degrees of freedom form a neutral CP–odd,
two neutral CP–even and two charged Higgs bosons denoted by A0, h0, H0, and H±, respectively
[34, 35, 36, 23, 24].
We start our analyses in the CP–odd sector. The mass squared matrix in this sector is found to
be
Mℑ(H0) = M
2
12
v1v2
(
v22 v1v2
v1v2 v
2
1
)
. (84)
We can in a simple way show
det[Mℑ(H0)] = 0,
Tr[Mℑ(H0)] = M
2
12
v1v2
(
v21 + v
2
2
)
. (85)
The vanishing determinant and the no vanishing trace of this matrix imply massless (Goldstone
boson G0) as well as massive neutral model (A0). The massive A0 particle remains as a pseudoscalar
Higgs boson and its mass is proportional to the soft SUSY breaking parameter M212, therefore it
should be a heavy than the Higgs boson defined at SM. As in general we suppose all soft parameters
are in the TeV range, we can conclude MA ∼ O(TeV).
The mass spectrum in this sector is given by(
G0
A0
)
=
√
2
(
sin β cos β
− cos β sin β
)( ℑ(H02)
ℑ(H01)
)
, (86)
20
and the mass of this sector is given by:
M2G0 = 0,
M2A0 =
M212
v1v2
(
v21 + v
2
2
)
=M212
(
v1
v2
+
v2
v1
)
= M212 (tan β + cotβ) =M
2
12 csc β sec β,
M2A0 =
2M212
sin(2β)
≫M2Z .
(87)
G0 combines with the massless Z to give their mass, as in the SM. As we want finite mass, the above
equation put some constraints in the β parameter. It has to satisfy the following constraints
β 6= 0 rad, and β 6= π
2
rad. (88)
ℜ(H) denotes the real and ℑ(H) the imaginary part of H .
On Fig.(15), where we can see this pseudoscalar can be very heavy (as we have discussed above)
and as we mentioned above we can see that it diverge when β → 0 rad or when β → (π/2) rad.
Of course the minium value of A depend of the value choosen to M12 parameter (see the differents
colors at Fig.(15)), but we can say its mass can go from 3 TeV until infinity.
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Figure 4: The masses of the pseudoscalar A in terms of the parameter β, and several values of M12.
The charged Higgs sector is very similar to the CP–odd sector. The physical states in terms of
the symmetry eigen states are defined in the following way(
H±
G±
)
=
(
sin β − cos β
cos β sin β
)
·
(
H±2
(H∓1 )
†
)
. (89)
its mass is given by
M2G± = 0,
M2H± = M
2
W +M
2
A0 ≫M2W . (90)
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G± combines with the massless W± to give them mass, as in the SM. Remember MW is the gauge
W± mass, see Eq.(72). On Fig.(5) we see that the mass of the charged Higgs is almost linear in terms
of M12, as we expected from Eq.(90).
The mass squared matrix in the CP–even sector is given by:
Mℜ(H0) =
(
M2A0 sin
2 β +M2Z cos
2 β −(M2A0 +M2Z) sin β cos β
−(M2A0 +M2Z) sin β cos β M2A0 cos2 β +M2Z sin2 β
)
. (91)
Both the determinant as well the trace of this matrix is non vanishing, therefore in this sector we
have two massive real scalars. We can in a simple way show
det[Mℜ(H0)] = M2A0M2Z cos2 (2β) ,
Tr[Mℑ(H0)] = M2A0 +M2Z . (92)
The eigenvalues of this mass matrix are
M2h0,H0 =
1
2
[
M2A0 +M
2
Z ∓
√
(M2A0 +M
2
Z)
2 − 4M2A0M2Z cos2(2β)
]
. (93)
We note that
M2h0 +M
2
H0 =M
2
A0 +M
2
Z . (94)
In equation above we have defined H to be the heavier of the two, it means Mh0 < MH0 . The
corresponding mass eigenstates are
(
h0
H0
)
=
√
2
(
sinα cosα
− cosα sinα
)( ℜ(H02)− v2√2
ℜ(H01)− v1√2
)
. (95)
22
The angle of rotation α, defined in the equation above, is seen to obey the followings constraints [34]
sin(2α) = −M
2
H0 +M
2
h0
M2H0 −M2h0
sin(2β),
cos(2α) = −M
2
A0 −M2Z
M2H0 −M2h0
cos(2β),
tan(2α) =
M2H0 +M
2
h0
M2A0 −M2Z
tan(2β), (96)
considerating Eq.(60) in the first equation above it implies sin(2α) < 017 while in the second equation
we get cos(2α) < 0 18. Taking this information we can conclude the range of the new parameter α is
given by
− π
2
≤ α ≤ 0 (rad). (97)
On Fig(6) we show same if we consider M12 = 10TeV we get mh0 < MZ . This results is in
agreement with the following well known constraints [34, 35, 36]
Mh0 ≤MZ | cos(2β)|, (98)
this implies that mh0 = 0 if tanβ = 1, this results is shown at Fig.(6) where we shown the behaviour
of the mass of the ligest scalar as function of β parameter. Similar information to the heaviest Higgs
is shown in Fig(7). If we consider M = 1000 GeV we get for several values of β parameter masses to
all usual scalars of this model, as we can see at Tab.(5).
tanβ mA0(GeV) mH±(GeV) mh0(GeV) mH0(GeV)
0.10 3172.85 3173.87 89.35 1000.17
0.20 2266.24 2267.67 83.94 1000.63
0.55 1541.68 1543.78 49.12 1002.95
1.03 1414.52 1416.80 2.65 1004.15
1.56 1483.07 1485.25 37.82 1003.44
2.57 1720.74 1722.61 67.11 1001.90
3.60 1969.70 1971.34 78.05 1001.11
5.80 2443.43 2444.75 85.88 1000.47
Table 5: Masses of all usual scalars to several values of tan β.
Therefore, the light scalar h0 has a mass smaller than the Z0 gauge boson at the tree level. This
implies that one has to consider the one-loop corrections which lead to the following result [107]
M2h0 ≃M2Z +
3g2M4Z
16π2M2W
{
ln
(
M2
t˜
M2t
)[
2M4t −M2t M2Z
M4Z
]
+
M2t
3M2Z
}
. (99)
However, radiative corrections rise it to 130 GeV [53].
17MH0 > Mh0 .
18MA0 > MZ .
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Figure 6: The masses of lighest higgs even scalar h0 in terms of the β parameter considerating
M12 = 10000GeV.
We can also write the following ralation [34]:
cos2(β − α) = M
2
h0(M
2
Z −M2h0)
M2A0(M
2
H0 −M2h0)
. (100)
This equation together with Eq.(93), show that the Higgs sector is completely controlled by two new
parameters wchich can be taken to be MA0 and tanβ.
Here we presented only the analyses when CP is conserved. To see the case when CP is not
conserved see [108].
7.5 Charged Sleptons Masses
The Lagrangian contains off-diagonal mass terms for the sleptons in the basis (l˜L, l˜
c
L ≡ l˜R). So, also
here we have to perform a diagonalizing procedure to obtain the physical mass eigenstates, and hence
we have
Lmassslepton = −µf lv2 l˜†Ll˜R − µf lv2 l˜†R l˜L − f l2v21
(
l˜†L l˜L + l˜
†
R l˜R
)
−M2L l˜†Ll˜L −M2l l˜†R l˜R
= − ( l˜†L l˜†R )
(
M2L + f
l2v21 µf
lv2
µf lv2 M
2
l + f
l2v21
)(
l˜L
l˜R
)
.
By diagonalizing, one obtains the mass eigenstates (in the usual way)(
l˜1
l˜2
)
=
(
cos θl˜ sin θl˜
sin θl˜ − cos θl˜
)(
l˜L
l˜R
)
,
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Figure 7: The masses of heaviest higgs Evenn scalar H0 in terms of the β parameter considerating
M12 = 1000GeV.
with19
tan 2θl˜ =
2µf lv2
(M2L −M2l )
=
2µml tan β
(M2L −M2l )
,
and masses respectively given by
M2
l˜1,l˜2
= m2l +
1
2
[(
M2L −M2l
)±√(M2L −M2l )2 + 4µ2m2l tan2 β
]
. (101)
For selectrons and smuons, the “left” and “right” states (e˜L,R and µ˜L,R) are also the mass eigenstates.
For staus, however, the eigenstates are τ˜1 and τ˜2. The production of selectrons and sneutrinos were
sutied at [34, 35, 74, 76, 109, 110].
Let us now turn to the sneutrinos. In the case of massless neutrinos, there is only one sneutrino,
ν˜L, with a mass
m2ν˜L = M
2
L +
M2Z cos 2β
2
, (102)
for each generation. Some Feynman rules to fermion, sfermion and gauge bosons will be presented
at 8. The production of selectrons and sneutrinos were sutied at [34, 35, 74, 76, 111].
7.6 Squarks
The squarks q˜L and q˜R will mix, in a similar way as happened to the charged sleptons, to more details
see [34, 35, 36]. We will donate the physical squark states as q˜1, q˜2, and they are define as(
q˜1
q˜2
)
=
(
cos θq˜ sin θq˜
sin θq˜ − cos θq˜
)(
q˜L
q˜R
)
. (103)
19Notice that f lv2 = f
lv1
v2
v1
= ml tanβ, ml is the charged lepton mass.
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The Feynman rules to the squarks are presented at [34, 35, 36]. The squark production in nuclear
collisions was presented at [34, 35, 74, 76, 112, 113].
The “Snowmass Points and Slopes” (SPS), following [36, 114, 115], are a set of benchmark points
and parameter lines in the MSSM parameter space corresponding to different scenarios in the search
for Supersymmetry at present and future experiments. There is a very nice review about this conven-
tion give at [115]. From this reference we take the Tab.(6). The mass values of squarks and gluinos
on these cenarios are shown at Tab.(7).
SPS Point
mSUGRA: m0 m1/2 A0 tan β
1a 100 250 -100 10
1b 200 400 0 30
2 1450 300 0 10
3 90 400 0 10
4 400 300 0 50
5 150 300 -1000 5
mSUGRA-like: m0 m1/2 A0 tan β M1 M2 = M3
6 150 300 0 10 480 300
GMSB: Λ/(103) Mmes/(10
3) Nmes tan β
7 40 80 3 15
8 100 200 1 15
AMSB: m0 maux/(10
3) tan β
9 450 60 10
Table 6: The parameters for the Snowmass Points and Slopes (SPS). On this table all the scenarios
consider signµ = + take from [115].
7.7 Charginos Masses
The supersymmetric partners of the W± and the H± mix to mass eigenstates called charginos χ±i
(i = 1, 2) which are four–component Dirac fermions. In order to deduce the properties of the latter
we start with the basis [104]20
ψ+ =
(
−ıλ+, H˜+2
)T
, ψ− =
(
−ıλ−, H˜−1
)T
, (104)
where
λ± =
1√
2
(λ1 ∓ ıλ2), (105)
see definition ofW boson given at Eq.(71). The mass terms of the lagrangian of the charged gaugino–
higgsino system can then be written as
Lm = −1
2
(
(ψ+)T, (ψ−)T
)
Y ±
(
ψ+
ψ−
)
+ hc (106)
20In this article, the authors studied the chargino production and decay in the energy region of LEP 200.
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Scenario mg˜ (GeV ) Mq˜ (GeV )
SPS1a 595.2 539.9
SPS1b 916.1 836.2
SPS2 784.4 1533.6
SPS3 914.3 818.3
SPS4 721.0 732.2
SPS5 710.3 643.9
SPS6 708.5 641.3
SPS7 926.0 861.3
SPS8 820.5 1081.6
SPS9 1275.2 1219.2
Table 7: Masses of gluinos, squarks, photinos and selectrons in the SPS scenarios [114, 115].
where
Y ± =
(
0 XT
X 0
)
, (107)
with
X =
(
M
√
2MW sin β√
2MW cos β µ
)
. (108)
Its matrix has
det[X ] = det[XT ] = µM − 2M2W sin β cos β = µM −M2W sin (2β) ,
Tr[X ] = Tr[XT ] = µ+M. (109)
The matrix Y ± in Eq.(107) satisfy the following relation
det(Y ± − λI) = det
[( −λ XT
X −λ
)]
= det(λ2 −XT ·X), (110)
so we only have to calculate X t ·X to obtain the eigenvalues.
From Eq.(108) we can write
X ·XT =
(
M2 + 2M2W sin
2 β
√
2MW (M cos β + µ sinβ)√
2MW (M cos β + µ sin β) µ
2 + 2M2W cos
2 β
)
,
XT ·X =
(
M2 + 2M2W cos
2 β
√
2MW (M sin β + µ cosβ)√
2MW (M sin β + µ cos β) µ
2 + 2M2W sin
2 β
)
. (111)
Therefore X ·XT 6= XT ·X , however we can show the folowings results
det[X ·XT ] = det[XT ·X ] = [µM −M2W sin (2β)]2 ,
Tr[X ·XT ] = Tr[XT ·X ] = µ2 +M2 + 2M2W . (112)
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Since XT ·X is a symmetric matrix, λ2 must be real, and positive because Y ± is also symmetric.
The mass matrix X is diagonalized by two 2×2 unitary matrices U and V :
MdiagC = U∗X V −1. (113)
We can see this result from the following
(
ψ−
)T
Xψ+ =
(
U−1Uψ−
)T
XV −1V ψ+ =
(
ψ−
)T
U tU∗XV −1V ψ+
=
(
χ˜−
)tMdiagC χ˜+. (114)
In the last equality we have defined, U and V are the unitary matrices, the following rotations
χ+i = Vij ψ
+
j ,
χ−i = Uij ψ
−
j , i, j = 1, 2, (115)
with
MdiagC = diag (mχ1 , mχ2) . (116)
with real nonnegative entries. From Eq.(113) we see that
(
MdiagC
)2
= V
(
XT ·X)V −1 = U∗ (X ·XT ) (U∗)−1 , (117)
therefore U and V diagonalize the hermitian matrices X ·XT and XT ·X .
Moreover, assuming CP conservation, the CP violate case is presented at [116], we choose a phase
convention in which U and V are real. The eigenvalues of Eq.(108) is given by (i = 1, 2)
m2χi =
1
2
[|M2|+ |µ2|+ 2M2W
±
√
(|M2| − |µ2|)2 + 4M4W cos2(2β) + 4M2W [|M2|+ |µ2|+ 2ℜ(Mµ) sin(2β)]
]
. (118)
The mass eigenstates in Dirac notation are given by
χ˜+i =
(
χ+i
χ−i
)
, i, j = 1, 2. (119)
We take χ˜+1 to be the lighter chargino per definition. The charginos, like all the charged fermions in
the SM, are Dirac fermions [79].
If we consider µ = 100 GeV and M = 1000 GeV we get for several values of β parameter masses
to the lighest charginos of O(MZ) while the heaviest charginos has masses around TeV region, as
we can see at Tab.(8). On Fig.(8) we have fixed M and we have considered several values to the µ
parameter. On Fig.(9) we have fixed β and we have considered several values to the µ parameter.
On Fig.(10) we have fixed β and we have considered several values to the M parameter. We see
from all this figure that in media the average mass to the lighest charginos is around 100 GeV. Te
couplings of charginos are presented at [34, 35, 36, 104]. The productions of charginos was studied
at [34, 35, 36, 74, 76, 98, 104].
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Figure 8: The masses of lighest chargino in terms of the β parameter considerating M = 1000 GeV
and several values of µ parameter.
7.8 Neutralinos Masses
The neutral gauginos, see Sec.(7.3.1), and neutral higgsinos also mix and these new state is known
as neutralinos [34, 35, 36, 37, 105, 106]. Their mass eigenstates are the neutralinos. In this review we
choose the basis [37, 105, 106]
ψ0MSSM =
(
ıλγ ıλZ H˜
0
1 H˜
0
2
)T
. (120)
The mass terms of the neutral gaugino–higgsino system can then be written as
Lm = −1
2
(ψ0)TMSSM Y
neutralino
MSSMRPC ψ
0
MSSM + hc (121)
with
Y neutralinoMSSMRPC =


Mγ˜
1
4
(MZ˜ −Mγ˜) tan(2θW ) 0 0
1
4
(MZ˜ −Mγ˜) tan(2θW ) MZ˜ MZ sin β −MZ cos β
0 MZ sin β 0 −µ
0 −MZ cos β −µ 0

 .
(122)
Its matrix has
det[Y ] = µ2
{[(
MZ˜ −Mγ˜
4
)
tan(2θW )
]2
−Mγ˜MZ˜
}
+M2ZMγ˜µ sin(2β)
= −MM ′µ2 +M2Zµ
(
M sin2 θW −M ′ cos2 θW
)
sin (2β) +
M4Z
4
sin (2θW ) sin (2β) ,
Tr[Y ] = Mγ˜ +MZ˜ = M +M
′. (123)
We wrote the matrix in the basis os photino and zino. However, it is more used it, on the basis of λ3
and λ, on this base the matrix is given at [34, 35].
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Figure 9: The masses of lighest chargino in terms of the M parameter considerating β = (π/4) rad
and several values of µ parameter.
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Figure 10: The masses of lighest chargino in terms of the µ parameter.
The mass matrix Y is diagonalized by a 4×4 unitary21 matrix N ,
N∗ Y N−1 =MN (124)
withMN the diagonal mass matrix. The eigenvalues MN and the matrix N in general are obtained
numerically. However if all parameter in the matrix Y are real, an analytical calculation to eigenstates
and eigenvectors are possible [106].
The mass eigenstates in two–component notation then are
χ0i = Nij ψ
0
j , i, j = 1 . . . 4, (125)
21To diagonalize the mass matriz of neutral fermions, we use the Takagi diagonalization method [76, 117, 118]
30
and we can find them in the following way

χ01
χ02
χ03
χ04

 =


η1 0 0 0
0 η2 0 0
0 0 η3 0
0 0 0 η4

 (N)


ıλγ
ıλZ
H˜01
H˜02

 (126)
The four-by-four matrix N diagonalizes the symmetric mass matrixMN of the neutral Weyl spinors,
see Eq.(192), where the eigenvalues are arranged such that |mχ0
1
| < |mχ0
2
| < |mχ0
3
| < |mχ0
4
|. The
parameter ηi is introduced in order to change the phase of the particle whose eigenvalue becomes
negative, it means it is defined as follow
ηi =
{
1, mχ0i > 0,
ı, mχ0i < 0,
, i = 1, . . . 4, (127)
and
mχ0i = η
2
imχ0i . (128)
The four–component notation to the neutralinos is given as
χ˜0i =
(
χ0i
χ0i
)
, i = 1 . . . 4. (129)
On Fig.(11) we have fixed M and we have considered several values to the µ parameter. We
see that the mass of the lighest neutralino is around 100 GeV. If we consider µ = 100 GeV and
M = M ′ = 1000 GeV we get for several values of β parameter masses to the lighest charginos of
O(MZ) while the heaviest charginos has masses around TeV region, as we can see at Tab.(8).
tanβ mχ˜±
1
(GeV) mχ˜±
2
(GeV) mχ˜0
1
(GeV) mχ˜0
2
(GeV) mχ˜0
3
(GeV) mχ˜0
4
(GeV)
0.00 100 1000 95.51 103.84 1000.00 1008.33
0.10 99.86 1000.14 96.03 104.27 1000.06 1008.18
0.20 99.43 1000.57 96.53 104.68 1000.22 1007.93
0.55 96.71 1003.29 97.68 105.63 1001.20 1006.74
1.03 92.67 1007.33 98.08 105.95 1001.92 1005.95
1.56 89.95 1010.05 97.85 105.77 1001.47 1006.45
2.57 87.70 1012.30 97.26 105.28 1000.71 1007.30
3.60 86.87 1013.13 96.86 104.95 1000.40 1007.69
5.80 86.27 1013.73 96.39 104.56 1000.16 1008.01
Table 8: Masses of charginos and neutralinos to several values of tan β.
Te couplings of neutralinos are presented at [34, 35, 36, 37, 105] and the productions of neutralinos
as well its decays channel was studied at [34, 35, 36, 74, 76, 98, 99, 105]. We have presented only
the analyses when we respect CP invariance. The calaculation of mass spectrum in the case of CP
violation can be found at [35]. We want to finish this section saying that the chargino and neutralino
mixing pattern are complex. This subject is discussed at [34, 35].
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Figure 11: The masses of lighest neutralino in terms of the β parameter consideratingM =M ′ = 1000
GeV and several values to µ parameter.
8 Some Feynman Rules to fermions in the MSSM.
We can take these interactions terms from LQuarks and LLeptons. The interaction between fermion-
fermion with the gauge bosons, see Eqs.(19), came from
LffV = g
2
(Q¯σ¯mσiQ+ L¯σ¯mσiL)V im +
g′
2
(
YQQ¯σ¯
mQ+ YLL¯σ¯
mL
+ Yucucσ¯
muc +
g′
2
Ydcdcσ¯
mdc +
g′
2
Ylclcσ¯
mlc
)
V ′m
= LchargedffV + LneutralffV , (130)
while the interaction sfermion-sfermion with the gauge boson is get from
Ll˜l˜V =
ıg
2
(
¯˜Qσi∂mQ˜− Q˜σi∂m ¯˜Q + ¯˜Lσi∂mL˜− L˜σi∂m ¯˜L
)
V im
+
ig′
2
[
YQ
(
¯˜Q∂mQ˜− Q˜∂m ¯˜Q
)
+ YL
(
¯˜L∂mL˜− L˜∂m ¯˜L
)
+ Yuc
(
u˜c∂mu˜c − u˜c∂mu˜c)
+ Ydc
(
d˜c∂md˜c − d˜c∂md˜c
)
+ Ylc
(
l˜c∂m l˜c − l˜c∂m l˜c
)]
V ′m
= Lcharged
f˜ f˜V
+ Lneutral
f˜ f˜V
, (131)
after doing some simple mathematical manipulation we arrive in the following Feynman rules see
Eqs.(71,101,103), for charged currents [34, 35, 36]
LchargedffV =
−g√
2
[
(u¯γmdL + ν¯γ
meL)W
+
m +
(
d¯γmuL + e¯γ
mνL
)
W−m
]
,
Lcharged
f˜ f˜V
=
−ıg√
2
[(
u˜⋆L
↔
∂
m
d˜L + ν˜
⋆
L
↔
∂
m
e˜L
)
W+m +
(
d˜⋆L
↔
∂
m
u˜L + e˜
⋆
L
↔
∂
m
ν˜L
)
W−m
]
,
(132)
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the chiral Dirac matrix γ5 is defined as [16]
γ5 ≡
(
1 0
0 −1
)
, (133)
so the right-handed projector (R) and left-handed projector (L) are given as
R =
1
2
(
1 + γ5
)
=
(
1 0
0 0
)
.
L =
1
2
(
1− γ5) = ( 0 0
0 1
)
, (134)
and as usual, we have
fL ≡ Lf, fR ≡ Rf. (135)
where we have defined
φ¯
↔
∂ Φ ≡ φ¯ (∂Φ)−
(
∂φ¯
)
Φ, (136)
while the Feynman Rules for neutral currents see Eqs.(76,101,103) [34, 35, 36]
LneutralffV =
−g
cos θW
∑
f
f¯
[(
T3f − sin2 θWQf
)
L− sin2 θWQfR
]
fZm − e
∑
f
f¯γmfAm,
Lneutral
f˜ f˜V
=
−ıg
cos θW
∑
f
[
f˜ ⋆L
↔
∂
m (
T3f − sin2 θWQf
)
f˜L − f˜ ⋆R
↔
∂
m (
sin2 θWQf
)
f˜R
]
Zm
− ıe
∑
f
Qf
(
f˜ ⋆L
↔
∂
m
f˜L + f˜
⋆
R
↔
∂
m
f˜R
)
Am, (137)
the summation f is taken over the fermion species.
The Feynman Rules to the coupling Fermion-Fermion-Higgs, for the usual scalars see
Eqs.(86,89,95) [34, 35, 36]
LffH = −fuǫij
(
H i2Q
juc + h.c.
)− f dǫij (H i1Qjdc + h.c.)− f lǫij (H i1Ljlc + h.c.) , (138)
using the physical fields we get
LffH0i =
−gmu
2MW sin β
(
cosαu¯uh0 − sinαu¯uH0 − ı cos βu¯γ5uA0)
− gmd
2MW cos β
(
sinαd¯dh0 + cosαd¯dH0 − ı sinαd¯γ5dA0)
− gme
2MW cos β
(
sinαe¯eh0 + cosαe¯eH0 − ı sin βe¯γ5eA0)
+
g
2
√
2MW
[
(mu cot β +md tanβ) u¯d+ (md tan β −mu cot β) u¯γ5d
+ me tan βν¯e
(
1 + γ5
)
e
]
H+, (139)
where to the usual scalar see Tab.(5).
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9 The Next to Minimal Supersymmetric Standard Model
(NMSSM).
It is possible to extend the Higgs sector in such way that the SU(3)C ⊗ SU(2)L ⊗ U(1)Y gauge
symmetry is spontaneously broken at tree level, even in the supersymmetric limit. The simplest
extension is to include a complex scalar field wchich is an SU(3)C⊗SU(2)L⊗U(1)Y gauge singlet, this
model is known as the Next to Minimal Supersymmetric Standard Model (NMSSM) [10, 11, 34, 64, 65]
.
The NMSSM is characterized by the following new singlet superfieldfield
Sˆ ∼ (1, 1, 0), (140)
again the the numbers in parenthesis refers to the (SU(3)C , SU(2)L, U(1)Y ) quantum numbers. This
new superfield is introduced in the following chiral superfield [16, 34, 64]
Sˆ(y, θ) = S(y) +
√
2θS˜(y) + θθFS(y), (141)
and S is the scalar field and its vacuum expectation value (vev) is given by
〈S〉 ≡ x√
2
. (142)
The fermionic field S˜, defined at Eq.(141), is known as singlino. Due the fact we introduce this new
superfield, we get as consequence that the mass bounds for the Higgs bosons and neutralinos are
weakened as we want to show next. The goal of this review is to present both sector in this kind of
model in details, the main motivation to study this kind of model can be found at [10, 11].
The supersymetric Lagrangian of the NMSSM is given by
LNMSSMSUSY = LchiralSUSY + LGaugeSUSY . (143)
The Lagrangian defined in the equation (143) contains the lagrangian Lquarks and Lleptons, and these
terms are the same as presented at MSSM see Eqs.(32).
In this model, We need to modify only LHiggs, and we get
LHiggs =
∫
d4θ
[
K
(
ˆ¯H1e
2gVˆ+g′(− 12)Vˆ ′ , Hˆ1
)
+K
(
ˆ¯H2e
2gVˆ+g′( 12)Vˆ
′
, Hˆ2
)
+K
(
ˆ¯S, Sˆ
)]
. (144)
The terms (DmH1) and (DmH2) give the mass to the gauge bosons W± and Z0 in the same way as
happen in the MSSM, see Eq.(69).
The most general superpotential of NMSSM is defined as
WNMSSM = W
MSSM
3RC + λ
(
Hˆ1Hˆ2
)
Sˆ − κ
3
(
Sˆ
)3
. (145)
where WMSSM3RC is given by Eq.(35).
In this case, the parameter µ of the MSSM is generated as
µ ≡ λ x√
2
. (146)
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and x is expected to be O(v1, v2) in most theories. Since λ is also in the perturbative domain, we
have a natural explanation for keeping µ≪ MP l, given that v1, v2 ≪MP l.
We want to stress that this superpotential has no bilinear terms, remember they lead to natural-
ness problems and, furthermore, do not appear in a large class of superstring models [2, 64, 65]. The
sign of κ coupling has been chosen for later convenience.
We can add the following soft supersymmetry breaking terms to the NMSSM
LNMSSMSoft = LMSSMSMT + LMSSMGMT + LNMSSMINT , (147)
where LMSSMSMT and LMSSMGMT are introduced at Eqs.(49,50), respectively. There is an interaction term
LNMSSMINT of the form [2, 64, 65]
LNMSSMINT = LMSSMINT +
(
λAλH1H2S +
κAκ
3
S3 + h.c.
)
. (148)
The term LMSSMINT is given at Eq.(51), in this model the first term at this equation is absent.
The soft Supersymmetry breaking terms are given by
V NMSSMsoft = m˜
2
1|H1|2 + m˜22|H2|2 + m˜2s|S|2 −
[
λAλ
(
ǫαβH
α
1H
β
2
)
S +
(κAκ)
3
(S)3 + h.c.
]
. (149)
In the presence of soft supersymmetry breaking, one would expect
x = O(|mi|) = O(MW ), (150)
and hence µ = O(MW )≪MP l.
10 Scalar Potential at NMSSM
We assume that squarks and sleptons fields have zero vaccum expectation value (VEVEs). After the
scalar fields H1,H2 and S develop their VEVs v1, v2 and x, respectively, they can be expanded in the
usual way as
H1 =
( 1√
2
(v1 + φ1 + ıϕ1)
H−1
)
, H2 =
(
H+2
1√
2
(v2 + φ2 + ıϕ2)
)
, S =
1√
2
(x+ σ + ıξ) . (151)
The scalar potential, as usual in supersymmetric models, is written as
V NMSSM = M2H1 |H1|2 +M2H2 |H2|2 +M2S|S|2 −
[
λAλ
(
ǫαβH
α
1H
β
2
)
S +
(κAκ)
3
(S)3 + h.c.
]
+
(|H1|2 + |H2|2) |λS|2 + ∣∣λ (H1H2)S + κS2∣∣2
+
g2
8
(
H¯1σ
iH1 + H¯2σ
iH2
)2
+
g′2
8
(
H¯1H1 − H¯2H2
)2
. (152)
λ, κ, Aλ and Aκ can be complex number.
There are various limiting cases in wchich the scalar Higgs masses and mixing angles can be
evaluated perturbatively
1-) x≫ v1, v2 with λ and κ fixed;
2-) x≫ v1, v2 with λx and κx fixed;
in the last limit the MSSM with two Higgs doublets and no Higgs singlets is obtained [65].
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10.1 Constraints
We can use the minimization condition to re-express the soft supersymmetry breaking terms M2H1 ,
M2H2 and M
2
S in terms of the vevs and of the remaind parameters λ, κ, Aλ and Aκ
M2H1 = λAλ
v2x
v1
− λ2 (x2 + v22)+ λκv2x2v1 +
(
g2 + g′2
4
)(
v22 − v21
)
, (153)
M2H2 = λAλ
v1x
v2
− λ2 (x2 + v21)+ λκv1x2v2 +
(
g2 + g′2
4
)(
v21 − v22
)
, (154)
M2S = λAλ
v1v2
x
+ κAκx− λ2
(
v21 + v
2
2
)− 2κ2x2 + 2λκv1v2. (155)
Therefore, the mass terms for the Higgs fields, can be expressed in terms of the six parameters λ, κ,
Aλ, Aκ, x and tanβ.
10.2 Charged Higgs
In the Charged Higgs sector we get an unphysical Goldstone boson and the physical charged Higgs
field defined at Eq.(89) and therefore the mass eigenvector are the same in those models MSSM and
NMSSM.
The mass squared matrix in this sector is found to be
(MNMSSMH± )2 =
[
v1v2
2
(g − 2λ2) + λx
g
(κx+ Aλ)
]
M2H±, (156)
and we have defined
M2H± =
(
tanβ 1
1 cotβ
)
, (157)
where tan β is defined at Eq.(60), it is simple to show
det
(M2H±) = tanβ cot β − 1 = 1− 1 = 0, (158)
therefore we have one charged Goldstone boson on this sector and
Tr
[MNMSSMH± ] = tan β + cot β = v2v1 +
v1
v2
=
v21 + v
2
2
v1v2
=
2M2W
gv1v2
, (159)
and at lst step we used Eq.(72). As conclusion, we have one massive state H± and its mass is given
by (
MNMSSMH±
)2
=
[
v1v2
2
(g − 2λ2) + λx
g
(κx+ Aλ)
]
· 2M
2
W
gv1v2
, (160)
the last term can be rewriten as
2λxM2W
(gv1)(gv2)
(κx+ Aλ), (161)
using Eq.(72) we can write
gv1 =
√
2MW cos β, (162)
gv2 =
√
2MW sin β, (163)
M2W
(gv1)(gv2)
=
1
sin (2β)
, (164)
36
and the NMSSM, the squared mass of the charged boson is given by
(
MNMSSMH±
)2
=M2W
(
1− 2λ
2
g
)
+
2λx
sin (2β)
(Aλ + κx) , (165)
M2H± may be less or greater than M
2
W , depending upon the relative size of the last two terms at
Eq.(165). This result can be seen in our Figs.(12,13), where we take λ = 0.87, κ = 0.63 as used
at [65, 2]. In pratice, however, the parameter space given by β, λ and κ parameters for which the
charged scalar is smaller than MW are not favored by the renormalization group analysis.
We also can get heavier then W -boson see our Figs.(14,15).
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Figure 12: The masses of H± to several values of the x to some fixed β parameter here we used
Aλ = 0, the black line means the experimental values of MW .
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Figure 13: The masses of H± to several values of the β to some fixed x parameter here we used
Aλ = 0, the black line means the experimental values of MW .
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Figure 14: The masses of H± to several values of the x to some fixed β parameter here we used
Aλ = 88.4.
We notice that, when λ = 0 then
(
MNMSSMH±
)2
=M2W . Remember that in DHM and in the MSSM
the charged Higgses is always havier the W± gauge boson, see Eq.(72) and this result is agreement
as presented at [65].
10.3 Pseudoscalar
We can get the mass matrix at the basis
(
ϕ1 ϕ2 ξ
)T
(166)
and we get the matrixM2CP−odd and we will not write their elements here. Our first analytical result
is
det[MNMSSMCP−odd ] = 0, (167)
and therefore we have Goldstone boson in this sector and this result is agreement as presented at
[65].
As we want to compare our result to the mass values presented at [65] we need to do the following
rotation 
 G0P1
P2

 =

 cos β − sin β 0cos γ sin β cos γ cos β sin γ
− sin γ sin β − sin γ sin β cos γ



 ϕ1ϕ2
ξ

 , (168)
where the tan β is defined at Eq.(60) and the new mixing angle is found to be
sin (2γ) = − 2S√
(T −R)2 + 4S2 , (169)
cos (2γ) =
(T − R)√
(T − R)2 + 4S2 . (170)
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Figure 15: The masses of H± to several values of the β to some fixed x parameter here we used
Aλ = 88.4.
We have defined
R = λAΣ
xv2
v1v2
, (171)
S = λv (AΣ − 3κx) , (172)
T = λAΣ
v1v2
x
+ 3κAκx+ 3λκv1v2, (173)
where we have defined
AΣ = Aλ + κx,
v =
√
v21 + v
2
2. (174)
The angle γ may be chosen as 0 < γ < π according to [65]
γ ∈


[
0, π
4
]
S < 0, T > R,[
π
4
, π
2
]
S < 0, T < R,[
π
2
, 3π
4
]
S > 0, T < R,[
3π
4
, π
]
S > 0, T > R.
(175)
The eigenvalues of M2CP−odd are given by:
M2P1,P2 =
1
2
[
(T +R)∓
√
(T − R)2 + 4S2
]
, (176)
where we chooseM2P1 < M
2
P2
and the eigenvectors are defined at Eq.(168) and G0 is Goldstone boson.
We show at Figs.(16,17) we can get very light pseudoscalars as required by cosmological analyses
presented at [10].
We can also showed, thet P2 are heavier states than P1, as we shown at Figs.(18,19,21).
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10.4 The Neutral Scalars
The squared mass matrix for the “scalar” neutral in the basis(
φ1 φ2 σ
)T
, (177)
takes the form [65]
λ


g¯2v2
1
λ
+ AΣxv2
v1
−AΣx+ v1v2x (2λ2 − g¯2) v2
[
2λxv1
v2
− κx− AΣ
]
−AΣx+ v1v2x (2λ2 − g¯2) g¯
2v22
λ
+ AΣxv1
v2
v1
[
2λxv2
v1
− κx− AΣ
]
v2
[
2λxv1
v2
− κx−AΣ
]
v1
[
2λxv2
v1
− κx− AΣ
]
4κ2x2−κAκx
λ
+ AΣv1v2
x

 (178)
where we have defined
r ≡ x
v
,
g¯ ≡ 1√
2
√
g2 + g′2, (179)
and v and some others parameters of this Equation as defined at Eq.(174). It is not useful to present
analytic results for the diagonalization of this matrix.
11 Neutralinos at NMSSM
The diagonal contribution to neutralinos came from the gaugino mass term given by LMSSMGMT , while
Higgsinos mass term came from the superpotential throught
LNMSSMHMT = −λ
[(
H˜1H˜2
)
S +
(
H˜1H2 +H1H˜2
)
S˜
]
+ κS˜S˜S (180)
= −
[
λxH˜01H˜
0
2 + λv1H˜
0
2 S˜ + λv2H˜
0
1 S˜ + κxS˜S˜
]
+ . . . . (181)
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Figure 17: The masses of P1 to several values of the x to some fixed β parameter here we used Aκ = 0
and Aλ = 88.4.
where . . . means the terms to charged higgsinos. Using the expression to MW in the MSSM, we can
get
LNMSSMHMT = −
[
λxH˜01H˜
0
2 +
√
2MW
g
λ
(
cos βH˜02 + sin βH˜
0
1
)
S˜ + κxS˜S˜
]
+ . . . . (182)
The mixing between higgsinos and gauginos came from Eq.(144), as the singlinos are singlet under
SU(2)L⊗U(1)Y they can not mix with the gauginos. However the mixing between the gauginos and
higgsinos, as in the MSSM, came from
Lmixing
H˜V˜
=
√
2ı H¯1
(
gT iλi − g
′
2
λ′
)
H˜1 −
√
2ı ¯˜H1
(
gT iλ¯i − g
′
2
λ′
)
H1
+
√
2i H¯2
(
gT iλi +
g′
2
λ′
)
H˜2 −
√
2i ¯˜H2
(
gT iλ¯i +
g′
2
λ′
)
H2, (183)
=
ıg√
2
(
v1H˜
0
1λ
3 + v2H˜
0
2λ
3 + h.c.
)
+
ıg′√
2
(
v1H˜
0
1λ
′ + v2H˜
0
2λ
′ + h.c.
)
. (184)
From the MSSM is so simply to show the Eq.(164) and in similar way we can write the following
expression
g′v1√
2
= tan θW
gv1√
2
= tan θWMW cos β = tan θWMZ cos θW cos β =MZ sin θW cos β,
g′v2√
2
= tan θW
gv2√
2
= tan θWMW sin β = tan θWMZ cos θW sin β = MZ sin θW sin β. (185)
then we get
Lmixing
H˜V˜
= ıMZ
[(
cos θW cos βH˜
0
1 + cos θW sin βH˜
0
2
)
λ3 +
(
sin θW cos βH˜
0
1 + sin θW sin βH˜
0
2
)
λ′ + h.c.
]
.(186)
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and Aλ = 0.
It generate a symmetric 5× 5 mass matrix M0. In the basis
ψ0 =
( −ıλ3 −ıλ′ H˜01 H˜02 S˜ )T , (187)
the resulting mass terms in the Lagrangian read
L = −1
2
(ψ0)TM0(ψ0) + h.c. (188)
where
M0 =


M1 0 MZ sin β cos θW −MZ cos β cos θW 0
0 M2 MZ sin β cos θW −MZ cos β cos θW 0
MZ sin β cos θW MZ sin β cos θW 0 − λx√2 −λv2√2
−MZ cos β cos θW −MZ cos β cos θW − λx√2 0 −λv1√2
0 0 −λv2√
2
−λv1√
2
√
2κx

 .
(189)
using Eq.(164) we can rewrite the elements (M0)3,5 and (M0)4,5 in the following way
(M0)3,5 =
λv2√
2
=
λMZ cos θW sin β
g
,
(M0)4,5 =
λv1√
2
=
λMZ cos θW cos β
g
, (190)
using the expressions above we can write
M0 =


M1 0 MZ sin β cos θW −MZ cos β cos θW 0
0 M2 MZ sin β cos θW −MZ cos β cos θW 0
MZ sin β cos θW MZ sin β cos θW 0 − λx√2 −
λMZ cos θW sinβ
g
−MZ cos β cos θW −MZ cos β cos θW − λx√2 0 −
λMZ cos θW cos β
g
0 0 −λMZ cos θW sinβ
g
−λMZ cos θW cos β
g
√
2κx

 .
(191)
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We want to stress the following [34]
1-) The singlino, S˜, does not mix directly with the gauginos, see (M0)1,5 and (M0)2,5;
2-) The singlino, S˜, mix directly with the higgsinos H˜01 and H˜
0
2 see (M0)3,5 and (M0)4,5;
3-) If |x| ≫ v1,2 the singlino decouples from the other four neutralinos, wchich will be MSSM-like;
4-) If |κ| is very small this singlinolike state will become the LSP [120].
The five-by-five matrix N diagonalizes, in the following way, as in the MSSM
M0 = N∗ Y N−1, (192)
the symmetric mass matrix M0 of the neutral Weyl spinors, see Eq.(192), where the eigenvalues
are arranged such that |mχ0
1
| < |mχ0
2
| < |mχ0
3
| < |mχ0
4
| < |mχ0
5
|. The parameter ηi is introduced in
order to change the phase of the particle whose eigenvalue becomes negative, it means it is defined
as follow
ηi =
{
1, mχ0i > 0,
ı, mχ0i < 0,
, i = 1, . . . 5, (193)
and
mχ0i = η
2
imχ0i . (194)
The four–component notation to the neutralinos is given as
χ˜0i =
(
χ0i
χ0i
)
, i = 1 . . . 5. (195)
We take λ = 0.87, κ = 0.63 as used at [65] and x = 500 GeV and used M = 1000 Gev and
M ′ = 2000 Gev, under these parameters we get the masses of LSP is of order of 270 GeV as shown at
Fig.(22). This results is in agreement with we need to get some nice resuts in cosmological analyses
as presented at [10].
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12 Motivation to study some minimal modification
The existence of a “light” chiral gauge singlet superfield in the observable sector can cause other
difficulties [34]
1-) The stability of gauge hierarchy;
2-) The superpotential of NMSSM, defined at Eq.(198), possesses a discrete Z3 symmetry;
however within the framework of gravity mediated SUSY breaking terms, the required amount of
violation of the Z3 symmetry can be introduced through nonrenormalizable operators. In this context
we can defined the General Singlet Extensions of the MSSM (GSEMSSM).
The most general superpotential to Singlet extension of MSSM, it can be get from super-GUT
models or from super-string E(6) models, is given by [64]
WGSEMSSM = µ
(
Hˆ1Hˆ2
)
+ λ
(
Hˆ1Hˆ2
)
Sˆ +
(
ξFM
2
n
)
Sˆ +
µ2
2
(
Sˆ
)2
+
κ
3
(
Sˆ
)3
+
3∑
i,j=1
[
f lab
(
Hˆ1Lˆa
)
lˆcb + f
d
ij
(
Hˆ1Qˆi
)
dˆcj + f
u
ij
(
Hˆ2Qˆi
)
uˆcj
]
. (196)
The parameters λ, κ and ξF are dimensionless coefficients while the parameters µ2 andMn have mass
dimension. Before we continue, is useful stress the following, a term of the form MSˆ can be absorved
by a shift in Sˆ [64].
We can get, from Eq.(196), the the Next-to-the-Minimal Supersymmetric Standard-Model
(NMSSM) [20, 60, 61, 62, 63, 64, 66, 67], we need by setting
µ = ξF = µ2 = 0, (197)
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and Aλ = 88.4.
we get the following superpotential
WNMSSM = λ
(
Hˆ1Hˆ2
)
Sˆ +
κ
3
(
Sˆ
)3
+
3∑
i,j=1
[
f lab
(
Hˆ1Lˆa
)
lˆcb + f
d
ij
(
Hˆ1Qˆi
)
dˆcj + f
u
ij
(
Hˆ2Qˆi
)
uˆcj
]
,
(198)
and the nearly Minimal Supersymmetric Model (nMSM) [121, 122], by setting
µ = µ2 = κ = 0, (199)
WnMSM = λ
(
Hˆ1Hˆ2
)
Sˆ +
(
ξFM
2
n
)
Sˆ +
3∑
i,j=1
[
f lab
(
Hˆ1Lˆa
)
lˆcb + f
d
ij
(
Hˆ1Qˆi
)
dˆcj + f
u
ij
(
Hˆ2Qˆi
)
uˆcj
]
.
(200)
Note that the nMSM differs from the NMSSM in the last term with the trilinear singlet term κ of
the NMSSM replaced by the tadpole term ξF and both models have nice cosmological consequences,
see for example [119, 10, 11].
12.1 Scalar Potential
The scalar potential is defined as [64]
V Dress = M2H1 |H1|2 +M2H2 |H2|2 +M2S |S|2 + [(Bµ) (H1H2) + λAλ (H1H2)S
+
(Bsµ2)
2
(S)2 +
(κAκ)
3
(S)3 + h.c.
]
+
(|H1|2 + |H2|2) |µ+ λS|2 + ∣∣λ (H1H2) + µ2S + κS2∣∣2
+
g2
8
(
H¯1σ
iH1 + H¯2σ
iH2
)2
+
g′2
8
(
H¯1H1 − H¯2H2
)2
. (201)
45
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
275
280
285
290
295
300
Β H radL
M
H
Ge
VL
Light Neutralino to fixed M and M ¢
H 1500 , 2000L Ge
H 1000 , 2500L Ge
H 1000 , 2000L Ge
Figure 22: The masses of χ˜01 to several values of the x to M = 1000 Gev and M
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function of β parameter.
In this general case the mass of all scalars is given by [64]
M2H± = M
2
W
(
1− 2λ
2
g2
)
− 2C1
sin (2β)
,
(202)
compare this equation with Eq.(160). We see that both the results at NMSSM and at GSEMSSM
are similar. In the case of pseudoscalar we get
M2HPS
1,2
=
1
2

− 2C1
sin (2β)
+ C2 ±
√(
2C1
sin (2β)
+ C2
)2
+
16M2W
g2
C23

 ,
(203)
the pseudoscalar at NMSSM is given at Eq.(176).
In Eqs.(202,203), we have defined the following coefficients
C1 = λx (Aλ + µ2) +Bµ+
λκ
2
x2,
C2 = −λM
2
W
g2x
[sin (2β) (Aλ + µ2) + 2µ]− κx
2
(3Aκ + µ2)− 2Bsµ2 − 2λκ
g2
M2W sin (2β) ,
C3 = λ (κx+ µ2 −Aλ) . (204)
As happen at NMSSM in this case the charged Higgs bosons can also be lighter than the W boson.
Note that the conditionM2
HPS
1
≥ 022 implies C2 ≥ 0, whereas C3 can have either sign. The interesting
fact is that no absolute bound on the masses of the physical pseudoscalars can be given; in particular,
HPS1,2 can both be very light. These results are in agreement with the results we presented to NMSSM,
and we can in this case reproduce the masses to pseudoscalars, see Figs.(16,17) in such way that the
GSEMSSM can be useful in explore cosmological analyses as presented at [10, 11].
22HPS
1
denotes the ligther eigenstate
46
On this case we can get an upper bound on the mass of the lighest neutral scalar H01 and it is
given by [2, 64, 34]
M2H0
1
≤M2Z
[
cos2 (2β) +
2λ2 cos2 θW
g2
sin2 (2β)
]
. (205)
We can show that in this model, we get the following upper bound [34]
M2H0
1
< 145 GeV, (206)
where H01 is the lighest CP -even physical scalar and one can therefore say that supersymmetric
theories always contain one neutral scalar Higgs boson with mass proportional to MZ [64]. To our
knowledge, 200 GeV is the absolute limit to wchich the upper bound on the lightest Higgs mass can
be raised in any perturbatively treatable model with weak scale supersymmetry [34].
13 Neutralino in GSEMSSM
In the base defined at Eq.(187), the mass matrix to the neutralino masses is
M0 =


M1 0 MZ sin β cos θW −MZ cos β cos θW 0
0 M2 MZ sin β cos θW −MZ cos β cos θW 0
MZ sin β cos θW MZ sin β cos θW 0 −
(
µ+ λx√
2
)
−λMZ cos θW sinβ
g
−MZ cos β cos θW −MZ cos β cos θW −
(
µ+ λx√
2
)
0 −λMZ cos θW cos β
g
0 0 −λMZ cos θW sinβ
g
−λMZ cos θW cos β
g
√
2κx+ µ2


.
(207)
It is similar to Eq.(191), then we can reproduce the results presented at LSP, see Fig.(22).
14 Conclusions
In this article we have presented the MSSM and NMSSM lagrangian in terms of superfields. Then
we presented the mass spectrum of those models. We shown that the masses of lighest chargino and
neutralino have their masses of O(MZ), while the gluinos are the heavier ones, because its mass
comes from SUSY soft breaking terms, and it mass is O(TeV ).
We show that all the Higgs sector in the MSSM can be described in terms of MA0 and tan β. We
also showed how to get some Feynman Rules of this sector.
We have, also, presented the NMSSM and also the GSEMSSM models. We, also, show some
choose of free parameter that can get the masses to pseudoscalars, see Figs.(16,17), and LSP, see
Fig.(22), necessary to get the nice results in some cosmological analyses as presented at [10, 11].
We hope this review can be useful to all the people wants to learn about Supersymmetry.
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